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Abstract. The ﬁrst study of the global atmospheric distribu-
tion of carbon tetrachloride (CCl4), as a function of altitude
and latitude, was performed using solar occultation measure-
ments obtained by the Atmospheric Chemistry Experiment
(ACE) mission using Fourier transform spectroscopy. A to-
tal of 8703 proﬁle measurements were taken in the upper
troposphere and lower stratosphere between February 2004
and August 2007. The zonal distribution of carbon tetrachlo-
ride displays a slight hemispheric asymmetry and decreasing
concentration with increasing altitude at all latitudes. Maxi-
mum carbon tetrachloride concentrations are situated below
10km in altitude with VMR (Volume Mixing Ratio) values
of 100–130ppt (parts per trillion). The highest concentra-
tions are located about the Equator and at mid-latitudes, par-
ticularly for latitudes in heavily industrialised regions (20–
45◦ N), with values declining towards the poles. Global dis-
tributions obtained from ACE were compared with predic-
tions from three chemistry transport models showing good
agreement in terms of the vertical gradient despite an over-
all offset. The ACE dataset gives unique global and tempo-
ral coverage of carbon tetrachloride and its transport through
the atmosphere. An estimated lifetime for carbon tetrachlo-
ride of 34±5 years was determined through correlation with
CFC-11.
Correspondence to: N. D. C. Allen
(ndca500@york.ac.uk)
1 Introduction
The synthesis of carbon tetrachloride (CCl4, also known as
tetrachloromethane) from chloroform and chlorine was ﬁrst
reported by Regnault in 1839. Chemically inert, carbon tetra-
chloride was originally used as a fumigant, ﬁre extinguisher
and predominantly as a cleaning reagent or industrial solvent
(Galbally, 1976; Altshuller, 1976). The chronic toxicity as-
sociated with carbon tetrachloride led to its replacement with
less harmful solvents (Singh, 1976). Nevertheless with the
growing consumption of chloroﬂuorocarbons (CFCs) in the
1950s, carbon tetrachloride became an important feedstock
in the production of CFC-11 and CFC-12 (Simmonds et al.,
1998). Despite the reduction in the use of carbon tetrachlo-
ride it is still a major component of the atmospheric chlorine
budget. The contribution of carbon tetrachloride to the total
chlorine budget for the troposphere was estimated to be 11%
(World Meteorological Organisation (WMO), 2007). Using
the total stratospheric chlorine budget of 3.65ppb derived
by Nassar et al. (2006) it is estimated from ACE retrievals
that carbon tetrachloride makes up approximately 3% of this
value.
The main, if not sole, source of carbon tetrachloride is
from anthropogenic emissions, although it has been sug-
gested that there is a small biogenic component (Lovelock
and Maggs, 1973; Butler et al., 1999). However attempts
to reconstruct an atmospheric history have proven inconclu-
sive (Sturrock et al., 2002). Due to its longevity in the atmo-
sphere it is believed that the main sink mechanism for carbon
tetrachloride is through photochemical destruction (R1 and
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R2) in the stratosphere (Galbally, 1976). The ocean (Love-
lock and Maggs, 1973; Yvon-Lewis and Butler., 2002) and
soil (Happell and Roche, 2003) are thought to be additional
less signiﬁcant sinks. The loss of carbon tetrachloride caused
by ocean uptake and hydrolysis reduced the estimated atmo-
spheric lifetime of carbon tetrachloride from 35 to 26 years
(WMO, 1999, 2003).
CCl4 + hν → CCl3 + Cl (R1)
CCl4 + hν → CCl2 + Cl2 (R2)
O(1D) + CCl4 → products (R3)
Following concerns over the catalytic destruction of ozone
by chlorine-containing species (Molina and Rowland, 1974)
estimates of global emissions of carbon tetrachloride have
been attempted (Galbally, 1976; Simmonds et al., 1988,
1998; Singh, 1976), although poor industrial records and an
underestimation of emissions in Asia (Palmer et al., 2003)
and other parts of the world have led to signiﬁcant levels of
uncertainty. The discovery of the ozone hole by the British
Antarctic Survey (Farman et al., 1985) led to compounds
with high ozone depleting potentials (ODPs), such as carbon
tetrachloride, being phased out through the implementation
of the Montreal Protocol (The Montreal Protocol on Sub-
stances that Deplete the Ozone Layer and its Amendments
and Adjustments, 1987) and its amendments.
Carbon tetrachloride is a potent greenhouse gas with a
global warming potential (GWP) of 1400, relative to CO2
which has a GWP of 1, on a 100 year time horizon (Solomon
et al., 2007). As carbon tetrachloride is a relatively short-
lived chlorine-containing compound compared to CFCs, the
reduction of approximately 1% a year since the early 1990s
in surface level concentrations has had a considerable ef-
fect in reducing anthropogenic radiative forcing by approxi-
mately 1.1×10−5 Wm−2 per year (Foster et al., 2007). Sur-
prisingly the Montreal Protocol has already had a greater ef-
fect on climate protection than that of the ﬁrst commitment
period of the Kyoto Protocol (Velders et al., 2007).
Using gas chromatography (GC) the ﬁrst atmospheric
measurements of carbon tetrachloride were taken by Love-
lock and Maggs (1973) over the Atlantic. Since 1978 the
Advanced Global Atmospheric Gases Experiment (AGAGE)
and its predecessors have made continuous ground based in
situ measurements (Prinn et al., 2000) from clean sea air at
ﬁve locations. NASA’s intensive airborne measurement cam-
paigns over the Paciﬁc, including Paciﬁc Exploratory Mis-
sion (PEM) West A and B, as well as the Transport and
Chemical Evolution over the Paciﬁc (TRACE-P) in 1991,
1994 and 2001, respectively, sampled carbon tetrachloride
evolution and transport at altitudes below 12km (Blake et
al., 1996, 2003). In situ GC measurements taken on board
theER-2aircraft(Elkinsetal., 1996; Romashkinetal., 2000)
have compared carbon tetrachloride concentrations with re-
ported GC measurements taken on seven balloon ﬂights be-
tween 7◦ S and 67◦ N (Moore et al., 2003) from 1996 to
2000 and one MkIV balloon ﬂight using FTS (Fourier trans-
form spectroscopy) at 65◦ N (Toon et al., 1999). ATMOS
(Atmospheric Trace MOlecule Spectroscopy) volume mix-
ing ratio (VMR) proﬁles for carbon tetrachloride between
30◦ N and 51◦ N taken using a Fourier transform spectrome-
ter (FTS) on the ATLAS-3 Space Shuttle Mission in Novem-
ber 1994 were also compared with ER-2 aircraft data (Chang
et al., 1996). Stratospheric measurements were reported us-
ing Cryogenic Infrared Radiance Instrumentation (CIRRIS-
1A) during a short space mission (Zhou et al., 1998). How-
ever there has been a lack of stratospheric and global mea-
surements. To the best of our knowledge, there have been no
prior reports of a global distribution of carbon tetrachloride
using satellite data.
2 Observations and retrievals
The Atmospheric Chemistry Experiment (ACE), also re-
ferred to as SCISAT, is a Canadian satellite used for remote
sensing of trace gases in the Earth’s atmosphere from a low
circular orbit (altitude 650km, inclination 74◦). The pri-
mary instrument on the ACE satellite is a high-resolution
Fourier transform spectrometer (FTS) with coverage of the
750 to 4400cm−1 spectral region. The spectrometer has a
0.02cm−1 spectral resolution with a maximum optical path
difference of ±25cm (Bernath et al., 2005). The ACE-FTS
records spectra by solar occultation. The sun tracker locks
onto the centre of the sun whilst a set of transmission spectra
are taken through the limb of the Earth’s atmosphere during
sunrise and sunset. VMR proﬁles of trace species from the
mid-troposphere through to the lower thermosphere, along
with temperature and pressure proﬁles, are retrieved from
the set of transmission spectra (Boone et al., 2005). Over
30 trace species are retrieved from ACE-FTS spectra, includ-
ing multiple isotopologues for some species, with a vertical
resolution of 3–4km.
The current retrieval version for the ACE-FTS is version
2.2; however carbon tetrachloride is not reported in the ofﬁ-
cial version 2.2 results. The data employed here are from a
“research processing” dataset generated using the ACE-FTS
analysis software. The retrieval window for carbon tetrachlo-
ride is centered at 796.5cm−1 and is 18cm−1 wide. The alti-
tude range of the retrieval varies as a function of latitude, ex-
tending from 7 to 30km at the Equator and 6 to 25km at the
poles. Treating different isotopologues of a given molecule
as separate interferers (with each isotopologue having a dif-
ferent VMR proﬁle) there are a total of 13 interferers in the
retrieval of carbon tetrachloride. These interferers are H2O
isotopologues H16
2 O, H18
2 O and H17
2 O, CO2 isotopologues
12C16O2, 13C16O2 and 12C16O18O, O3, HO2NO2, ClONO2,
C2H6, C2H2, and HCFC-22. Additional microwindows are
used to improve the retrieval results for the following in-
terferers: H2O isotopologues H18
2 O and H17
2 O, CO2 iso-
topologues 13C16O2 and 12C16O18O, ClONO2, C2H6, C2H2,
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Fig. 1. The species which contribute to the spectral window in
whichcarbontetrachlorideisretrieved. Weakerabsorbershavebeen
magniﬁed and the baseline is offset in the vertical direction for clar-
ity. The plot corresponds to the measurement (bottom panel) at a
tangent height of 8.3km in tropical occultation ss11613.
and HCFC-22. Spectroscopic parameters for the interferer
HO2NO2 were obtained using pseudo-lines from the AT-
MOS line list (Brown et al., 1996). Cross section data
for ClONO2, HCFC-22, and CCl4, along with line param-
eters for all the other interferers in the microwindow, were
obtained from the HITRAN 2004 dataset (Rothman et al.,
2005).
There is clear evidence of line mixing in a CO2 Q-branch
containedintheCCl4 microwindow(Kocheletal., 1997), but
this is not included in the forward model calculation and is
simply neglected. Taking a small sample of 15 occultations
(sr10899–sr10943) line mixing was included (based on pa-
rameters determined for a single occultation ss11613) to es-
timate the effect on the Q-branch. The results showed an av-
erage reduction in the residuals, and the VMRs decreased by
3–5% above 10km and 10% above 20km where the concen-
tration is lower. For a tropical occultation ss11613 at 8.3km
a plot of the species which contribute to the window in which
carbon tetrachloride is retrieved are shown (Fig. 1). In Fig. 1
ClONO2 is weak and has a much stronger absorption in the
stratosphere and in the polar regions. The statistical errors
in the retrieval below 15km remain low at the typical value
of 5%, but the systematic errors can grow to 20–30%. The
systematic error in the cross section data (Nemtchinov and
Varanasi, 2003) used in our retrievals is estimated to be as
large as 10%. In the troposphere the major error is the sys-
tematic error in the retrieval with minor contributions from
the error in the cross sections and the statistical retrieval er-
ror. In the stratosphere, the systematic retrieval error is rela-
Fig. 2. The locations of 8703 extravortex ACE-FTS occultations
during the period February 2004 to August 2007 are indicated by
coloured markers. Each colour denotes a different year; black:
2004, blue: 2005, red: 2006 and green: 2007.
tively small, the cross section error remains the same, but the
statistical retrieval error now dominates.
In polar winter and spring the VMRs of chemical species
such as carbon tetrachloride are low as a result of descent
within the polar vortex. Occultation measurements taken
by ACE inside the polar vortex or at the vortex edge have
therefore been excluded. The 10978 occultation measure-
ments taken by ACE between February 2004 and August
2007 were ﬁltered using the derived meteorological products
(DMPs) classiﬁed using potential vorticity values (Manney
et al, 2007) obtained from Met Ofﬁce data (Swinbank and
O’Neill, 1994; Swinbank et al., 2002; Davies et al., 2005),
in a similar approach to that adopted by Nassar et al. (2005),
2275 proﬁles were classiﬁed as within or on the edge of the
polar vortex and were discarded, while 8703 were classiﬁed
as extravortex occultations. The geographic distribution of
ACE sampling is shown in Fig. 2.
3 Results and discussion
Data starting at 90◦ S and ending at 90◦ N were separated
into 36 equal latitude zones with a width of ﬁve degrees;
six bins (90◦ S–70◦ S and 80◦ N–90◦ N) were removed in the
polar regions due to the small number of extravortex occul-
tations. An average proﬁle was calculated for each latitude
bin. Carbon tetrachloride has a lifetime estimated to be ap-
proximately 26 years (WMO, 2007) and ground based mea-
surements show a slight seasonal cycle (Prinn et al., 2000).
The 2006 WMO report estimates that the surface concentra-
tion of carbon tetrachloride is declining at a rate of 1±0.1ppt
year−1. ACE measurements have been averaged over the
February 2004 to August 2007 time period to obtain a global
distribution. A contour plot of the global distribution was
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Fig. 3. A near global distribution of the average volume mixing ra-
tio of carbon tetrachloride (inppt) as a function of latitude between
8 and 30km altitude obtained from ACE-FTS proﬁles from Febru-
ary 2004 and August 2007 is depicted. The average tropopause
height is marked with a dashed black line. The data is taken from
the DMPs for each occultation and then averaged for each latitude
bin, as with the carbon tetrachloride measurements.
created using the VMR data for the 30 averaged bins span-
ning the latitudes 70◦ S to 80◦ N between the altitudes of 8
and 30km. The data for the 30 average bins is provided in
supplementary Table 1 http://www.atmos-chem-phys.net/9/
7449/2009/acp-9-7449-2009-supplement.pdf, with the num-
ber of measurements used for the average bins provided in
supplementary Table 3 http://www.atmos-chem-phys.net/9/
7449/2009/acp-9-7449-2009-supplement.pdf.
The global distribution for carbon tetrachloride, shown in
Fig. 3 as a contour map, is nearly symmetric about the Equa-
tor. There is a general trend that the VMR monotonically
decreases as a function of altitude; concentrations decline
towards the poles. Carbon tetrachloride is emitted into the
troposphere, and this is where the highest VMR values be-
tween 100 and 130ppt are observed. The greatest concentra-
tions corresponded to latitudes that encompass major indus-
trial regions (20–50◦ N). Lower stratospheric concentrations
are signiﬁcantly higher between 20◦ S and 20◦ N compared
to higher latitudes where mixing ratios are 20–40ppt lower.
This pattern can be attributed to the Brewer-Dobson circula-
tion and the general appearance is typical of long lived gases
such as CFCs that have surface sources and are destroyed
in the stratosphere. In the stratosphere there is a decline in
the VMR of carbon tetrachloride, which becomes negligi-
ble above 25km in the polar latitudes and 28km in the lat-
itudes near the Equator, corresponding to altitudes close to
the detection limit. The drop in concentration is consistent
with transport and photochemical destruction in the strato-
sphere. There is some asymmetry at higher latitudes with
lower mixing ratios observed at southern latitudes compared
to the equivalent northern latitudes. This can be attributed
Fig. 4. The average volume mixing ratio (inppt) from ACE-FTS
proﬁles spanning February 2004 to August 2007 for seven zonal
regions: 60–90◦ S (black line with crosses), 45–60◦ S (dark green
line with diamonds), 20–45◦ S (magenta line with squares), 20◦ S–
20◦ N(cyanlinewithplussigns), 20–45◦ N(redlinewithtriangles),
45–60◦ N (light green line with circles) and 60–90◦ N (blue line
with asterisks) are compared and displayed with respect to altitude
between 8 to 30km. Polar measurements were not retrieved above
25km whilst in the tropics retrievals were made up to 30km. A
priori proﬁles have been spliced on above the maximum retrieved
value so all curves reach 30km; high altitude peaks near 25km are
artifacts.
to the smaller emissions in the Southern Hemisphere despite
interhemispheric transport.
To identify hemispheric differences in VMR, the ex-
travortex occultations were divided into seven differ-
ent latitude zones (60–90◦ S, 45–60◦ S, 20–45◦ S, 20◦ S–
20◦ N, 20–45◦ N, 45–60◦ N and 60–90◦ N) and an av-
erage VMR for each zone was determined (supplemen-
tary Table 2 http://www.atmos-chem-phys.net/9/7449/2009/
acp-9-7449-2009-supplement.pdf). The VMR average for
each zone was then plotted as a function of altitude, as shown
in Fig. 4. In the mid and lower stratosphere carbon tetrachlo-
ride VMRs show little difference between the corresponding
southern and northern hemispheric zones. The greatest de-
cline in the concentration of carbon tetrachloride, as a func-
tion of altitude, is observed in the zones closest to the poles
(60–90◦ S and 60–90◦ N). Above the troposphere concen-
trations are greatest in the equatorial zone (20◦ S–20◦ N) at
all altitudes. Tropospheric VMR values are higher between
20◦ N and 60◦ N consistent with emission predominantly in
the Northern Hemisphere. The overall pattern is consistent
with carbon tetrachloride having a long chemical lifetime
with destruction in the stratosphere.
The majority of carbon tetrachloride measurements have
been taken at ground level or from aircraft in the tropo-
sphere and the lower stratosphere. Prinn et al. (2000)
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Fig.5. Theaveragecarbontetrachloridevolumemixingratioproﬁle
for the latitude bin 30–35◦ N (red line with circles), as well as the
seasonal SON (September-October-November) latitude bin (green
line with diamonds) for the same region (30–35◦ N), from the ACE
mission between February 2004 and August 2007 is displayed and
compared with two balloon proﬁles from near Ft. Sumner, New
Mexico(33–35◦ N)obtainedbyToonetal.(unpublisheddata)using
a MkIV FTS instrument on the 23 September 2004 (blue line with
asterisks) and 23 September 2007 (black line with squares).
reported carbon tetrachloride concentrations at ground level
had declined from approximately 102–113ppt in 1990 to
97–100ppt by June 1998 at the ﬁve global AGAGE sites.
However a reconstructed history of carbon tetrachloride up
to the year 2000 from polar ﬁrn (unconsolidated snow) air
estimated concentrations to be over 100ppt (Butler et al.,
1999; Martinerie et al., 2009). Comparison of PEM West B
and TRACE-P aircraft campaign data showed a decrease in
the VMR of carbon tetrachloride over the Paciﬁc from 107–
108ppt in 1994 to 100-99ppt in 2001. The 2006 WMO re-
port cited the global average concentration of carbon tetra-
chloride as 94.6ppt in 2004, dropping at a rate of approxi-
mately 1.0pptyr−1. Our remote sensing observations show
considerable variation in tropospheric concentrations at 8km
from about 100ppt near the poles to as high as 130 ppt at
northern mid-latitudes. These high tropospheric values and
ACE data errors are discussed below.
Balloon measurements allow comparison of vertical pro-
ﬁles with ACE data over a wide range of altitudes, includ-
ing measurements in the stratosphere. The JPL MkIV inter-
ferometer (Toon, 1991) is a balloon-borne solar occultation
FTS, similar to ACE. The MkIV has performed 21 balloon
ﬂights since 1989, each covering altitudes from the cloud
tops (unable to retrieve through opaque clouds) to the ﬂoat
ceiling altitude which the balloon payload can reach (35–
40km) at 2–4km vertical resolution. The MkIV CCl4 re-
trievals use the same absorption band as ACE, and also ig-
nore line mixing from the CO2 Q-branch. Toon et al. (1999)
Fig.6. Theaveragecarbontetrachloridevolumemixingratioproﬁle
for the latitude bin covering 60–70◦ N (red line with circles) from
the ACE mission between February 2004 and August 2007. The av-
erage proﬁle is compared with three balloon proﬁles obtained using
the MkIV FTS instrument launched from Fairbanks, Alaska (64–
70◦ N) on the 8 May 1997 (blue line with asterisks) and 8 July 1997
(ascent and descent both black lines with diamonds) obtained by
Toon et al. (1999). The average proﬁle, covering the same latitudes
for the whole mission period, for the MAM (March-April-May) and
JJA (June-July-August) seasons are also included (green line with
squares and magenta line with pluses respectively).
ﬁttedpseudo-linestotheNemtchinovandVaranasicrosssec-
tions (2003) and used these in the MkIV retrieval. In Fig. 5, 6
and 7 MkIV balloon FTS measurements are displayed (Toon
et al., 1999). These were taken during a number of cam-
paigns at Ft. Sumner, New Mexico (33–35◦ N), Fairbanks,
Alaska (64–70◦ N) and Esrange, Sweden (62–70◦ N). Car-
bon tetrachloride proﬁles at the three locations were com-
pared with the average ACE VMR proﬁle of the latitude bin
corresponding to the latitude of the balloon ﬂights (Figs. 5–
7).
Measurements obtained from balloon launches in Ft.
Sumner, New Mexico (Fig. 5) have very similar VMR
proﬁles compared with ACE measurements (including the
September-October-November seasonal average) and gener-
ally agree within measurement error. The New Mexico pro-
ﬁles decline at a similar rate to the average ACE proﬁles from
the appropriate latitude bin. The majority of MkIV measure-
ments cease at 11km, with VMRs of 120ppt in agreement
with values from ACE (Fig. 3). In measurements taken over
Fairbanks, Alaska (Fig. 6), all of the MkIV balloon proﬁles
show good agreement with ACE retrievals in the stratosphere
but there is a large discrepancy at tropospheric altitudes for
the ascent and descent proﬁles measured on 8 July 1997. The
temporal lag between the MkIV measurements at Fairbanks
and the ACE retrievals mean that some variation would be
expected between proﬁles. Average seasonal ACE proﬁles
for the summer months (June, July and August) show a close
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Fig. 7. The average carbon tetrachloride volume mixing ratio pro-
ﬁle for the latitude bin covering 60–70◦ N (red line with circles)
from the ACE mission between February 2004 and August 2007 is
displayed. The average seasonal proﬁle for MAM (March-April-
May) over the 60–70◦ N latitude bin (green line with diamonds)
is included solely for 2004. These average proﬁles are compared
with two balloon proﬁles from near Esrange, Sweden (62–70◦ N),
obtained by Toon et al. (unpublished data) using the MkIV FTS in-
strumentonthe15March2000(bluelinewithasterisks)and1April
2003 (black line with squares).
resemblance to the proﬁle for the balloon ﬂight of the 8 May
1997. However, theagreementisnotgoodforthe8July1997
ﬂight; the large values and large error bars for this MkIV pro-
ﬁle suggest that there is a problem with the retrieval.
The magnitude of systematic errors at low altitude is great-
est using solar occultation technique. The measurements
from Esrange, Sweden (Fig. 7) have VMRs that decrease
more rapidly at stratospheric altitudes compared with ACE
and other MkIV proﬁles. The more rapid decline in the lower
stratosphericVMRofcarbontetrachlorideintheballoonpro-
ﬁles can be attributed to the fact that the measurements were
carried out in spring and are inﬂuenced by descent in the po-
lar vortex, whilst the ACE zonal means are an average of
extravortex proﬁles. In general there is good agreement be-
tween the MkIV balloon proﬁles and ACE data, especially
in the stratosphere however in the lower troposphere there is
considerable variation. The 2004 March-April May seasonal
average is very similar to the overall average ACE proﬁle.
The MkIV and ACE proﬁles agree moderately well within
thetroposphereapartfromthemeasurementstakenoverFair-
banks.
The CARIBIC (Civil Aircraft for the Regular Investiga-
tion of the atmosphere Based on an Instrument Container)
programme makes regular measurements of trace gases and
aerosols in the upper troposphere and lower stratosphere dur-
ing long haul ﬂights of a commercial airliner between Ger-
many and destinations such as China, India and South Amer-
ica (Brenninkmeijer et al., 1999, 2007). Carbon tetrachlo-
ride is one of the many species measured in the 28 whole
air samples that are collected during each ﬂight. From sam-
ples collected between October 2006 and September 2008 in
the Northern Hemisphere, the average VMR between 8 and
9km was of 92ppt, dropping to 85ppt at 12km. In contrast
with ACE the CARIBIC data showed little latitude depen-
dence. The CARIBIC data are reported on the NOAA 2002
calibration scale and are consistent with surface observations
made with similar techniques. These measurements high-
light the signiﬁcant difference in absolute concentrations ob-
tained by GC methods and FTS instruments such as ACE and
the MkIV.
ACE retrievals appear to give an overestimate of the car-
bon tetrachloride concentration in the troposphere as com-
pared to surface values (e.g. Montzka et al., 1999) due to the
inherentdifﬁcultiesinlowaltituderetrievalsforlimbviewing
instruments. At low altitude the spectra become very com-
plex and there are signiﬁcant, systematic features in the ﬁt-
ting residuals that grow larger as you move to lower altitude.
These include large residuals from H2O lines in the spectral
window (Boone et al., 2007) and residuals from neglecting
line-mixing for the CO2 Q-branch in the window. However,
the magnitude of these errors is difﬁcult to estimate.
The global distribution of carbon tetrachloride has been
compared to calculations from three atmospheric models:
The AER 2-D model (Weisenstein et al., 1997; Weisenstein
et al., 2007), the GMI 3-D chemical transport model (CTM)
(Strahan et al., 2007) and the SLIMCAT 3-D CTM (Chip-
perﬁeld 1999; Feng et al., 2007). All of the model runs
used surface carbon tetrachloride mixing ratios from WMO
(2007) as the lower boundary condition. These mixing ra-
tios decrease, for example, from 98.7ppt in January 2000 to
93.9ppt in January 2005. In the models carbon tetrachlo-
ride has a very long lifetime in the troposphere and the im-
posed surface mixing ratios are well-mixed. In the strato-
sphere the models destroy carbon tetrachloride by photolysis
and by reaction with O(1D) at a rate of 3.3×10−10 (Sander et
al., 2006). The predicted stratospheric distribution therefore
depends to a large extent on the model stratospheric circu-
lation. Stratospheric models are known to exhibit large dif-
ferences with respect to each other and to observations for
this circulation. In particular, in the past models have calcu-
lated a circulation which is too strong, leading to an age-of-
air which is too young. For the runs shown here the GMI
model (horizontal resolution 2◦×2.5◦ and 42 levels from
surface to 0.0158hPa) was forced with six-hourly averaged
GEOS4DAS winds. These produce a much better circula-
tion than previous instantaneous GEOS4 winds. The SLIM-
CATCTMrun(horizontalresolution5.6◦×5.6◦ and32levels
from surface to ∼0.1hPa) was forced with European Centre
for Medium Range Weather Forecasts analyses and used an
isentropic vertical coordinate. Vertical transport in the strato-
sphere was diagnosed from calculated heating rates. This ap-
proach also gives a good representation of the stratospheric
age-of-air (see Chipperﬁeld 2006). The AER 2-D model
(horizontal resolution 9.5 degrees and vertical resolution of
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Fig. 8. The zonal mean annual mean latitude-height distribution of
carbon tetrachloride VMR (ppt) from (a) the AER 2-D model, (b)
the GMI 3-D model and (c) the SLIMCAT 3-D model.
1.2km from the surface to 0.02hPa) used a climatological
residual circulation from Fleming et al. (1999) but tempera-
ture and aerosol surface area matching the model year.
Figure8showsthezonalmeandistributionofcarbontetra-
chloride calculated by the three models averaged over the
period of ACE observations. All three models show the
Fig. 9. The average mixing ratio of carbon tetrachloride as a func-
tion of altitude for the AER (green line with triangles), GMI (black
line with asterisks) and SLIMCAT (red line with squares) models
compared with the average ACE proﬁle (blue line with circles) be-
tween the latitudes (a) 5◦ S–5◦ N and (b) 30–40◦ N.
same basic distribution with a well-mixed troposphere and
carbon tetrachloride decreasing with height in the strato-
sphere. All three models show some hemispheric asymme-
try, with higher concentrations in the Northern Hemisphere.
The SLIMCAT model shows the greatest hemispheric differ-
ence which becomes more prominent towards the polar re-
gions. The AER and GMI models are very comparable, as
they have very similarly shaped distributions but the SLIM-
CAT model shows a much steeper decline in carbon tetra-
chloride outside of the tropics. Overall there is good general
agreement for the latitudinal distribution between the mod-
els and the ACE data. However, at lower altitudes model
concentrations are no higher than 90–100ppt (a result of the
model boundary conditions) and model concentrations are
then lower throughout the stratosphere below 30km.
Figure 9 compares the altitude proﬁle of the averaged
ACE carbon tetrachloride proﬁle in two latitude bins with
corresponding averaged model data. Focusing on areas
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Fig. 10. Correlation plot of CCl4 VMRs with CCl3F VMRs. The
lifetime of carbon tetrachloride was estimated to be 34±5 years
from the linear part of the correlation with CFC-11.
where ACE data shows high concentrations, such as the
tropics (5◦ S–5◦ N) and northern mid-latitudes (30–40◦ N),
similarities can be identiﬁed. In the 5◦ S–5◦ N tropical re-
gion (Fig. 9a) all models show good agreement with ACE
data in the lower stratosphere in terms of the vertical gradi-
ent of carbon tetrachloride. However, the models differ con-
siderably in the troposphere below 15km. A similar effect
is seen at mid latitudes 30–40◦ N (Fig. 9b) with the models
having similar vertical gradients between 15 and 25km but
a tropospheric mixing ratio constrained to lower values than
observed by ACE. The discrepancies observed in the tropo-
sphere are due to the imposed surface boundary concentra-
tion values used to constrain the models, thus values will be
no greater than the ground input value. The models assume
a uniform surface boundary condition with no latitudinal or
longitudinal variation, due to the longevity of carbon tetra-
chloride, however, asymmetric emissions could lead to some
variations. In all three models the sources and sinks are the
same. They include loss of carbon tetrachloride by photol-
ysis and reaction with O(1D) but no other sink mechanisms,
such as ocean uptake. Differences in the modelled vertical
proﬁles are due to different rates of stratospheric transport
(Brewer-Dobson circulation).
The stratospheric lifetime of carbon tetrachloride can be
estimated using tracer-tracer correlations with species of
known lifetimes (Plumb and Ko, 1992). Using Eq. (1) and
the method reported by Barkley et al. (2008) for carbonyl
sulphide (OCS) from ACE, the stratospheric lifetime of car-
bon tetrachloride was estimated by correlation with CFC-
11 and CFC-12. Coincident CFC-11 and CFC-12 measure-
ments were used because their stratospheric lifetimes are
well known (Volk et al., 1997). The plot of carbon tetra-
chloride against the tracer should provide a linear correlation
between the two gases in the lower stratosphere (Fig. 10).
From this correlation if the lifetime is known for one of the
gases, then the lifetime of the other species can be estimated
(Plumb and Ko, 1992) using Eq. (1),
τ1
τ2
=
dσ2
dσ1
σ1
σ2
, (1)
where τ1 and τ2 are the lifetimes and σ1 and σ2 the VMRs.
The slope of the correlation is dσ2/dσ1. The steady state
lifetimes used in equation 1 for CFC-11 and CFC-12 were
45±7 and 87±17 years, respectively (Volk et al., 1997). The
estimated lifetime given for carbon tetrachloride by plotting
against CFC-11 was approximately 34±5 years whilst plot-
ting carbon tetrachloride against CFC-12 gave a value close
to 32±7 years for the lifetime. The correlation with CFC-11
(Fig. 10) is much more satisfactory than for CFC-12 which
showsmorecurvature; wethereforeplacemoreconﬁdencein
the value obtained using CFC-11. These estimates are simi-
lartonumbersreportedinpreviouslypublishedwork. Volket
al. (1997) estimated the steady state lifetime of carbon tetra-
chloride as 32±6 years. Early estimates for the lifetime of
carbon tetrachloride were between 30–50 years (Singh et al.,
1976; Simmonds et al., 1988) before Montzka et al. (1999)
and the 1998 WMO report (1999) reduced this to 35 years.
Inclusionofanoceansink(Yvon-LewisandButler, 2002)for
carbon tetrachloride in the 2002 WMO report (2003) further
reduced the lifetime to 26 years and suggestions of a soil sink
(Happell and Roche, 2003) give a lifetime of only 20 years.
A similar correlation plot between CFC-11 and carbon tetra-
chloride outputs from the SLIMCAT model gave a lifetime
of 38±5 years (not shown) whilst the AER and GMI models
were just over 40 years.
4 Summary and conclusion
The ﬁrst near global distribution of carbon tetrachloride has
been obtained from 8703 ACE occultation measurements
covering altitudes from 8 to 30km over 30 latitude bins cov-
ering 70◦ S–80◦ N. Low altitude carbon tetrachloride VMRs
are estimated to be between 100 and 130ppt, somewhat
higher than in situ observations. Tropospheric VMRs were
highest at latitudes corresponding to industrialised regions
(20–45◦ N), and near the Equator.
There appears to be only a small hemispheric asymmetry,
except for the polar regions where the VMR is signiﬁcantly
lower in the Antarctic. There is good general agreement be-
tween model predictions and experimental data. The ver-
tical gradient of the model VMR proﬁles agree well with
ACE data in the lower stratosphere (15–25km), although
standard halocarbon scenarios used to constrain stratospheric
models (e.g. WMO 2007) give boundary conditions smaller
than retrieved from ACE. The stratospheric lifetime of car-
bon tetrachloride is estimated to be 34±5 years from the
carbon tetrachloride-CFC-11 tracer-tracer correlation. The
WMO report (2007) suggests that the atmospheric lifetime
and budget of carbon tetrachloride are still poorly under-
stood. Global satellite measurements, such as these proﬁle
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retrievals from ACE, provide a dataset that will lead to an
improved understanding of the carbon tetrachloride budget.
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